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Abstract: To examine the role of RNA silencing in defense against viroid, a Dicer-like 2 and 4
(DCL2&4) — double knockdown transgenic tomato line 72E was created. The expression of
endogenous DCL2 and DCL4 in line 72E decreased to about a half of the empty cassette line EC.
When challenged with potato spindle tuber viroid (PSTVd), 72E allowed significantly higher level
of PSTVd accumulation early in infection and showed lethal systemic necrosis. The size distribution
of PSTVd-derived small RNA was significantly changed: the numbers of 21 and 22 nucleotides (nt)
species in line 72E was approximately 66.7% and 5% of those in line EC, respectively. Conversely,
the numbers of 24-nt species increased by 1100%. Furthermore, expression of miR398a-3p and
miR398 increased 770-868% in the PSTVd-infected 72E, compared to the PSTVd-infected EC. In
parallel, superoxide dismutase (SOD1) in PSTVd-infected 72E showed higher expression levels. In
concert with miR398a-3p, SOD1 controls detoxification of reactive oxygen species (ROS) generated
in cells. Since high levels of ROS production and its scavenging activity were observed in PSTVd-
infected 72E, the lack of full-activity of DCLs was thought to have made the plant incapable to
control excessive ROS production and thus resulted in to develop lethal systemic necrosis.

Keywords: viroid; pathogenicity; RNA silencing; Dicer-like proteins; small interfering RNA;
microRNA398; microRNA398a-3p; superoxide dismutase 1; reactive oxygen species; systemic
necrosis

Introduction

Viroids are the smallest known pathogens of higher plants [1]. They consist solely of a highly-
structured covalently closed circular RNA that range between 246 and 434 nucleotides (nt) in length.
The species reported so far (more than 30) are classified into two genera, Pospiviroidae and
Avsunviroidae, depending on the characteristics of their nucleotide sequence, mode of replication,
subcellar localization, host specificity, and specific disease symptoms [2]. Viroids replicate
autonomously in the nucleus or chloroplasts of invaded host cells, depending completely on the
host’s transcription machinery. Some cause mild to severe disease in sensitive hosts, while other
infections are asymptomatic. In light of the non-coding nature of the viroid genome, all the factors
necessary to replicate in invaded host cells (i.e., to recuruit transcription machinery such as Pol Il and
transcription factors, to move from cell to cell, and to spread systemically, and even those necessary
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42 to cause disease symptoms) must be embeded in the highly base-paired stem-loop structure [3].
43 However, many of these properties are yet to be studied and described.

44 Potato spindle tuber viroid (PSTVd) species of the genus Pospiviroid was first identified in North
45  America as the causal agent of spindle tuber disease in potato (Solanum tuberosum) [1]. Early studies
46  show that PSTVd has a relatively wide experimental host range [4], and, in the early 21st century,
47  natural infections of PSTVd in hosts other than potato were first reported in tomato and ornamentals
48  of the families Solanaceae and Asteraceae [5-7]. Other pospiviroids in addition to PSTVd have begun
49  to expand into new geographical areas through global distribution of contaminated seeds and
50  vegetatively-propagated planting materials, thereby causing serious concerns in the seed industry,
51  aswell as plant quarantine, worldwide [8].

52 Tomato (Solanum lycopersicum) is the most sensitive host to PSTVd, but the severity of symptoms
53 varies depending on the host cultivar, as well as the PSTVd variant. For example, in response to a
54 severe isolate of PSTVd, a symptomatic cultivar “Rutgers” shows severe leaf curling and stunting,
55  but a tolerant cultivar “Moneymaker” shows little or no stunting, although both accumulate a
56  systemic abundance of PSTVd [9, 10]. Such variation in symptoms is believed to be determined by
57  the difference in the genetic makeup of host cultivars in response to the infection of PSTVd variants
58  with distinct molecular characteristics [11].

59 In response to pathogen attack, plants induce layers of defense responses called pathogen-
60  associated molecular patterns (PAMPs)-triggered immunity (MTI) or effector-triggered immunity
61  thatinvolve the activation of various plant defense responses, including programmed cell death [12].
62  Among such defense responses, RNA-silencing functions to protect many eukaryotic genomes from
63  invading viruses, foreign transgenes, and transposable elements [13-15]. For members of the family
64  Pospiviroidae that replicate inside the nucleus in the host cells, double-stranded or highly-structured
65  regions of RNA molecules synthesized during replication are recognized as PAMPS, thereby
66  triggering attack by Dicer-like proteins (DCLs) located at the front line of defense and cleaved into
67  viroid-derived small RNAs (vd-sRNA) consisting of 21- to 24-nt [9, 16-21]. Viroids in the family
68  Avsunviroidae replicate in chloroplasts and are also targeted by DCLs and cleaved into small pieces
69 (around 21- to 22-nt) [22-24]. Vd-sRNAs are then loaded onto Argonaute (AGO) proteins to form
70 RNA-induced silencing complexes (RISCs), which target native viroid molecules by the guidance of
71 vd-sRNAs and digest them into vd-sRNAs again by slicer activity of AGO proteins [25]. In the
72 meantime, the digested viroid RNA called “aberrant RNA” is believed to be converted into double-
73 stranded RNA by the action of RNA-dependent RNA polymerase 6 (RDR6) and, again, processed
74 into small pieces by DCLs for the amplification of the silencing signal [26, 27]. Finally, the action of
75  RNA-silencing mechanism leads to the accumulation of a large quantity of vd-sRNA in viroid-
76 infected host plants, which is thought to play an important role in various aspects of viroid-host
77  interaction, including defense [28-32], molecular evolution [33], and even symptom expression [33—
78 40].

79 DCLs play a central role in the RNAi pathway and are key components in the biogenesis of small
80  RNAs (sRNAs), called short interfering RNA (siRNA) and micro RNA (miRNA) [41]. Four DCLs
81 have been described in plants: viz.,, DCL1, DCL2, DCL3, and DCL4 [42]. In Arabidopsis thaliana, DCL1
82  is involved in miRNA biogenesis and produces mature miRNAs 21-nt in length [43-45]. DCL2
83  generates stress-related 22-nt natural-antisense-transcript (nat)-siRNAs and 22-nt siRNAs of
84  exogenous origin [46, 47] and are reported to process ~22-nt siRNAs from ta-siRNA precursors in the
85 absence of DCL4 [48]. DCL2 (in combination with DCL4) is also involved in the production of
86  secondary siRNAs that trigger a phenomenon known as “transitivity” [49] and play a role in the
87  antiviral defense [46, 50, 51]. DCL3 produces 24-nt-long, DNA repeat-associated siRNAs that guide
88  heterochromatin formation [46]. DCL4 generates 21-nt-long siRNAs that mediate post-transcriptional
89  silencing of some endogenous genes (e.g., trans-acting (ta)-siRNAs) [48, 52] and of transgenes
90  mediating RNA interference [53]. DCL4 is also responsible for processing specific miRNAs in
91 Arabidopsis thaliana [54, 55] and has a role in transcriptional termination [56, 57] and antiviral defense
92 mechanisms [50, 58, 59]. Among the various roles of DCL proteins, the action to counteract viruses
93  and viroids is particularly interesting, because they are known to work cooperatively, but
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94 hierarchically, to combat pathogens in invaded cells as the front line of defense. In particular, DCL2

95  and DCL4 play an important role in the defense against viruses [58, 60]. In addition, DCL1 has the

96 potential to produce 21-nt viral siRNA in the absence of DCL2, DCL3, and DCL4 [50, 58].

97 Published data on the detection of vd-sRNAs in viroid-infected plants suggest that the highly

98  base-paired stem-loop structure of viroids can serve as a substrate for multiple DCLs [9, 16-19, 22].

99  Direct evidence for such cleavage was first obtained from experiments that demonstrated that PSTVd
100 RNA was cleaved into small pieces of ~21-nt when incubated with Arabidposis spp. cell extracts
101  containing DCL activities [18]. A more detailed analysis using a series of Nicotiana benthamiana DCL-
102 knockdown lines revealed that PSTVd levels dropped when either i) DCL4 expression alone was
103 suppressed or ii) DCL1, DCL2, or DCL3 was knocked down together with DCL4. These observations
104 led to anew hypothesis, that the combined activity of DCL2 and DCL3 is crucial in the defense against
105 PSTVd [20, 21]. In this scenario, DCL4 is proposed to play the key role in processing PSTVd, and its
106  activity may obscure or suppress the effects of DCL2/DCL3 on viroid infectivity, suggesting that
107  hierarchical interactions among DCLs are also important in defense against viroids.
108 To analyse PSTVd pathogenicity in tomato from the standpoint of RNA silencing we have
109  introduced an inverted-repeat (IR) chimera gene construct, consisting of parts of the tomato unigenes
110 DCL2 and DCL4 into the tomato variety Moneymaker. We then challenged three lines of T3-
111 generation plants by inoculation with PSTVd to examine the roles of DCL2 and DCL4 in the defense
112 against viroid infection. In one of these lines (named line 72E), in which endogenous DCL2 and DCL4
113 mRNAs were down-regulated by transgene-derived RNA silencing, the response to PSTVd infection
114  was changed from “tolerant” to “highly susceptible,” and the infected plants displayed lethal
115  systemic necrosis. Both deep sequencing analysis and RNA-gel blot hybridization revealed that the
116  size distribution of vd-sRNAs had changed dramatically in PSTVd-infected 72E plants (PSTVd-72E).
117 Furthermore, the expression level of two microRNA species (miR398 and 398a-3p) and cytosolic
118  superoxide dismutase 1 copper chaperone (SOD1) mRNA was unusually higher in PSTVd-72E. Since
119  SODI, in concert with miR398a-3p, miR398 and superoxide dismutase CCS1 (a target of miR398a-3p)
120 [61], has a function to control detoxification of harmful reactive oxygen species (ROS) in the cell,
121  RNAi-mediated down-regulation of DCL2 and DCL4 seemed to have resulted in failed initial defense
122 against viroid infection, triggered excessive production of ROS, and resulted in the development of
123 severe systemic necrosis.

124  MATERIALS AND METHODS

125 Generation of DCL2/4i transgenic tomato ‘Moneymaker” lines

126 In order to knockdown DCL2 and DCL4 expression via RNAI, an IR sequence was constructed
127  as follows, based on the sequence of tomato homologs of A. thaliana DCL2 (Solyc06g048960,
128  Solycl11g008530, Solyc11g008540) and DCL4 (Solyc07g005030) registered in the tomato genome
129 database (ttps://solgenomics.net/organism/ Solanum_lycopersicum/genome). The artificial chimera
130 gene (SlartDCL2&4) was constructed by placing parts of DCL2 (620 bp) and DCL4 (300 bp) in head-
131  to-head orientation across an intron sequence to create an IR sequence (Figure S1). SlartDCL2&4 IR
132 wasinserted into the Sacll/Sall site of pBluescript II SK (+) plasmid (Agilent Technologies), re-cloned
133 into the BgIIl/Kpnl site of binary vector pIG121-Hm [62] downstream of the CaMV-35S promoter
134 (355:SlartDCL2&4 IR), and introduced into Agrobacterium tumefaciens strain EHA105 to transform
135 tomato cv Moneymaker by the leaf disc method [28]. Transformants (T0 generation) were selected on
136  media containing kanamycin, transplanted to pots for further cultivation, and self-fertilized to
137  produce the T1 generation. By repeating the kanamycin selection and self-fertilization, three lines
138  (hpDCL2/4i-51-6, -72E, and -82a) of the T3-generation were selected. In addition, tomato plants
139 transformed with pIG121-Hm containing an empty cassette were created and used as a negative
140 control (line EC).
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141 Preparation of PSTVd inoculum and infection assay

142 Plasmid DNA (~2 ug) containing an infectious cDNA clone of PSTVd-Intermediate (pTZ18R-
143 Rz6-PSTV; accession no. M16826) was linearized by NotI restriction enzyme digestion (Takara Bio,
144 Otsu, Shiga, Japan) and used for in vitro transcription in a 20 pl reaction mixture containing T7 RNA
145  polymerase (Invitrogen, Carlsbad, CA, USA) at 37°C for 2 hrs according to manufacturer’s
146  instruction. Inoculum was adjusted to a concentration of 100 ng of the transcript/ul in 50 mM sodium
147  phosphate buffer (pH 7.5), 1 mg/ml bentonite. For mechanical inoculation, an aliquot (10 ul) was
148  placed on the third true leaf of Moneymaker seedlings dusted with carborundum (600-mesh) and
149 gently rubbed against the leaf 10 times using a sterile glass-bar. Ten seedlings each from four different
150  hpDCL2/4i Moneymaker lines (i.e., empty cassette, 51-6, 72E and 82a) were used for each infection
I51  assay. After inoculation plants were incubated in a growth chamber controlled at 22°C (night) — 30°C
152 (day), 16-h day-length supplemented with high intensity fluorescent light (40 watts x 4).

153 Preparation of total nucleic acids, genomic DNA, and total RNA from tomato plants

154 Accumulation of viroid in the inoculated plants were examined using total nucleic acids
155 extracted by CTAB method [63]. Two leaf disks (1 cm in diameter, ~0.05 g) were collected from the
156  upper most expanded leaves of each plant at two, three, and four weeks post inoculation (wpi), and
157  homogenized in 0.5 ml of 2x CTAB buffer using a multi-specimen cell disruption device (Shake
158  Master, BMS Co Ltd, Tokyo, Japan) with two zirconia-balls (p=5 mm). Total nucleic acid pellets were
159  dissolved in 50-100 pl distilled water.

160 The presence and the copy number of transgene was examined by detecting the CaMV-355
161  promoter sequence in genomic DNA preparations extracted from samples of leaf tissue. Total nucleic
162 acids were extracted from homogenate prepared in 2x CTAB bulffer (~1 g/5 ml) with equal volume
163 (v/v) of phenol-chloroform (1:1), precipitated by ethanol, and resuspended in 100-400 pl distilled
164  water. They were further incubated with RNaseA (DNase-free, Wako NIPPON GENE, Japan) at 37°C
165  for 45 minutes (min) to digest RNAs, and ethanol-precipitated after extraction with phenol-
166  chloroform. RNA-free genomic DNA pellets were dissolved in 100 pl distilled water.

167 Total RNA preparations required for analysis of transgene transcripts, siRNA derived from
168  transgene transcripts, small RNAs for deep sequencing, and specific host gene expression, were
169  extracted using Trizol (Thermo Fisher Scientific) or TriReagent (Molecular Research Center, Inc.,
170  Cincinnati OH, USA) according to the manufacturer’s instruction.

171 Detection of CaMV-35S promoter sequence by PCR

172 Portions of the CaMV-35S promoter and actin gene sequences were amplified by PCR using 0.1
173 g of total nucleic acids as template and analyzed by 7.5% polyacrylamide gel electrophoresis. PCR
174  was performed using One Taq DNA polymerase (New England BioLabs Japan) according to the
175  manufacturer’s instruction and the appropriate primer set (see Table S1). The resulting PCR products
176  were fractionated in 7.5% polyacrylamide gels containing 1xTAE buffer.

177 Southern-blot hybridization to analyse transgene copy number in transformed plants

178 Aliquots of genomic DNA (~15 ug) were digested with EcoRI or BamHI (Thermo Fisher
179  Scientific K.K,, Japan), electrophoresed at 50V (4V/cm) for 8 hours in 1.0% agarose gel (1xTAE buffer),
180  transferred to a nylon membrane (Biodyne; Pall Corporation, Port Washington, NY, USA) after
181  NaOH-denaturation followed by HCl-neutralization, and hybridized with a DIG-labeled cRNA
182  probe for CaMV-35S promorter sequence. Hybridization signals were visualized using Chemidoc-
183  XRSimaging system and quantified using the Quantity One (version 4.6.2) software package.

184  Northern-blot hybridization to analyze transgene transcripts, siRNA derived from transgene transcripts, vd-
185  sRNAs, host gene expression, and miRNA

186 Total RNA preparations (1~10 ug) extracted using Trizol or TriReagent were denatured by
187  heating for 15 min at 68°C in a solution containing 50% formamide (for transgene transcripts and host


http://dx.doi.org/10.20944/preprints201811.0606.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 November 2018 d0i:10.20944/preprints201811.0606.v1

5 of 22

188  gene expression) or 50% urea (for siRNA derived from transgene transcripts, viroid-specific small
189  RNAs, and miRNA), fractionated in 1.2% agarose gels containing 1xMOPS buffer at 50V for ~30 min
190  (for transgene transcripts and host gene expression) or 12%  polyacrylamide
191  (acrylamide:bisacrylamide = 19:1) gels containing 1xTBE-8M urea at 450V for ~60 min (for siRNA
192 derived from transgene transcripts, viroid-specific small RNAs, and miRNA), transferred to a nylon
193 membrane (Biodyne), and hybridized with DIG-labeled cRNA probes for IR-DCL2/4 transcript,
194  PSTVd, miR398a-3p (5-TATGTTCTCAGGTCGCCCCTG-3"), and CCS1 (accession NM001347093)
195  and SOD1 (accession NM001247102).

196  RT-qPCR analysis of endogenous DCL expression levels

197 Total RNA was extracted using TRizol reagent (Invitrogen, USA), and treated with TURBO
198  DNA-free (Applied Biosystems, Ambion, USA). In accordance with the manufacturer’s instructions,
199  ¢cDNA was synthesized from 1 ug RNA as a template using Superscript VILO (Invitrogen). qPCR
200  analysis was performed essentially as described in Kasai et al. (2011) using SsoFastEvaGreen
201  Supermix (Bio-Rad) with a Chrome4 real time PCR detector (Bio-Rad). Information used to design
202  the PCR primers for tomato DCL1, DCL2 (DCL2a), DCL3, and DCL4 genes was obtained from the
203  EMBL data base. The primers used for qPCR are described in Table S1.

204  sRNA preparation and deep sequencing analysis of PSTVd-derived sSRNAs

205 Samples of leaf tissue (~1 g) were collected from line 72E and EC infected with PSTVd three wpi.
206  Total RNAs extracted by TriReagent were quantified by UV spectrophotometry, and sent aliquots
207  (ca.2000 pg) to Hokkaido System Science Co., Ltd. (Sapporo, Japan) for small RNA sequence analysis
208  (2Gb scale, paired end) on an Illumina HiSeq (Illumina, San Diego, CA, USA). Samples were
209  quantified and their integrities verified using an Agilent 2100 Bioanalyzer (Agilent Technologies,
210  Santa Clara, CA, USA), and processed using a TruSeq small RNA Library Prep Kit.

211 Adapter sequences were removed from the ends of the resulting raw short-read data based on
212 the presence of an exact 10-nt match with the termini of the respective adapters, and identical short
213 reads were grouped according to read size (15-45-nt). In this way, adapter-trimmed short read data
214 was converted to a non-redundant “short-read-sequence occurrence” format. These non-redundant
215  data were then mapped to either the genomic or anti-genomic strand of circular form of PSTVd
216  genome using hssmap, a specially-written C language program to process the data.

217 MicroRNA analysis was performed manually using the latest miRBase (Release 21). A list of
218  sequences that includes precursor miRNAs together with annotations for mature regions in
219  microRNA was downloaded from miRBase (http://www.mirbase.org/).

220  ROS production and scavenging activity assay

221 The generation of ROS was analyzed by quantitating hydrogen peroxide using a commercial kit
222 Radical catch (Hitachi Ltd., Tokyo, Japan). Briefly, a leaflet (ca. 0.2 g) was homogenized in 1 ml of 0.1
223 M sodium phosphate buffer (pH7.0) and centrifuged at 13,000 rpm for 5 min to collect supernatant.
224 According to the manufacturer’s instructions, an aliquot of the supernatant (10 pL) was mixed with
225  amixture of 5 mM of cobalt chloride solution (Reagent A; 25 puL) and luminol solution (Reagent B; 25
226 pL), and reacted for 120 seconds (s) to measure the amount of luminescence emission in an incubator
227  (AccuFLEX Lumi400; Hitachi Ltd., Tokyo, Japan). Sample luminescence and the control luminescence
228  was obtained by subtracting the measured value of 80 s from that of 120 s. Homogenization buffer
229  was used for control. Statisctical analysis was performed using R software.

230 ROS scavenging activity was analyzed by quqntitqting hydrogen peroxide scavenging activity
231  using the same kit. Briefly, the supernatant obtained above was further diluted 50-times with the
232 same buffer. According to the manufacturer’s instructions, an aliquot of the diluted supernatant (10
233 pL) was mixed with a mixture of 5 mM of cobalt chloride solution (Reagent A; 25 uL) and luminol
234 solution (Reagent B; 25 L), and incubated at 37°C for 5 min. The mixture was further added by
235  hydrogen peroxide solution (1:1000-diluted Reagent C; 25 pL) and reacted for 120 s to measure the
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236  amount of luminescence emission. Sample luminescence and the control luminescence was obtained
237 Dby subtracting the measured value of 80 s from that of 120 s. Homogenization buffer was used for
238  control. Hydrogen peroxide scavenging activity was calculated using the following equation; i.e.,
239  Hydrogen peroxide scavenging activity (%) = {Luminescence (Control)-Luminescence (Sample)}/
240  Luminescence (Control) x 100. Statistical analysis was performed using R software.

241 RESULTS

242 Characterization of DCL2/4-knockdown transgenic tomato lines

243 The hairpin RNA produced by transcription of the SlartDCL2&4 IR transgene in tomato cells
244 should activate the RNAi machinery, induce the production of siRNAs complementary to DCL2 and
245  DCL4 transcripts, and suppress endogenous DCL2 and DCL4 expression. To assess the effects of
246  transgene expression, we first verified the presence of transgene, transgene copy number, expression
247 level of transgene transcript, and accumulation of siRNAs derived from transgene transcript in the
248  three lines selected for study.

249 Presence of the transgene was examined by PCR amplification of CaMV-355 promoter sequence
250  from genomic DNA extracted from transgenic lines. As a result, an amplicon of ~900 bp, the size
251  expected from the primer set used, was detected from all the three lines of hpDCL2/4i (Figure S2a).
252 The transgene copy number was assayed by Southern-blot hybridization using a DIG-labeled
253 cRNA probe for the CaMV-35S promoter. From line 51-6, two bands were detected in an EcoRI-digest
254  and one band in the corresponding BamHI digest, indicating that this line contains two copies. From
255  line72E, one band was detected in both the EcoRI and BamHI digests, indicating that this line contains
256  asingle copy. Multiple (5-6) bands were detected in both the EcoRI and BamHI digests of line 82a,
257  indicating that this line contains multiple copies of the transgene (Figure S2b).

258 Transgene transcripts were assayed by northern hybridization using a DIG-labeled cRNA probe
259  for SlartDCL2&4. A dense positive signal was detected from 1 ug of total RNA in line 72E, indicating
260  the accumulation of high levels of transgene transcript. On the other hand, the signal was virtually
261  invisible in samples from lines 82a and 51-6 as well as in the negative control line EC, even when
262 higher amounts (10 pg) of total RNA were loaded (Figure S2c).

263 The level of siRNA accumulation derived from the transgene transcript was analyzed by
264  northern-blot hybridization using the same probe as above. In lines containing the transgene, a
265  positive signal with a size of ~20-nt was detected only in line 72E; no signals were visible for lines 51-
266  6,82a, and EC (Figure S2d).

267  DCL2/4-knockdown transgenic tomato line 72E developed severe disease symptoms upon PSTVd infection

268 Line 72E contains a single copy of the transgene and expresses high levels of transgene transcript
269  and their corresponding siRNA. Therefore, changes in the appearance of line 72E plants in response
270  to PSTVd infection were compared to those seen in other lines.

271 Ten plants each from lines EC and 51-6 showed very mild leaf curl four weeks after PSTVd
272 inoculation and continued to grow, showing only slight growth retardation compared to the
273 uninoculated healthy controls. In contrast, all ten plants of line 72E started to show curling on the
274  newly expanding apical leaves two weeks post inoculation (wpi); this curling then became more
275  severe, chlorosis appeared on the expanded leaves, and the mid-veins and/or petioles became
276  necrotic around 3 wpi. The symptoms rapidly worsened between 3 — 4 wpi (Figure 1a, b and Figure
277  S3).

278 Nine plants of line 82a (even though the expression of neither transgene transcript nor siRNA
279  was evident) showed mild leaf curl and chlorosis at 3 wpi, symptoms that were milder than those on
280  line 72E. Continued observation of infected line 72E plants revealed that growth almost stopped
281 around 4 wpi, the severe necrosis first observed in the lower leaves became systemic, and, finally, the
282  plants died three to four months post inoculation (Figure 1b). The infection assays were performed
283  three times under the same conditions and the results were in agreement with those above.
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(a) EC/PSTVd 50 dpi

14 dpi

no symptom " mild leaf curl mild stunt
28 dpi

(b) 72E / PSTVd

leaf curl yellowing, stunt, leaf curl, systemic withering

stem necrosis yellowing, necrosis
necrosis

284

285 Figure 1. Lethal necrotic symptoms associated with PSTVd infection in the DCL2/4i-72E Moneymaker
286 tomato line. The upper row indicates line EC infected with PSTVd. Plants showed mild leaf curling
287 ~21 dpi and mild stunting at 50 dpi. The lower row indicates the 72E line infected with PSTVd.
288 Infected plants started to show yellowing and stem necrosis around 3 — 4 weeks after inoculation,
289 then showed severe systemic necrosis around 2-3 months post inoculation, and finally stopped
290 growing and died. Three replicates of plants showed similar symptoms. Photos were taken on the
2901 days indicated above the pictures.

292 High levels of PSTVd accumulated in line 72E in the early stages and PSTVd differentially accumulated in
293 transgenic lines

294 Total RNA extracted from the upper leaves of nine to ten individual tomato plants from each
295  line at 2, 3, and 4 wpi was used to monitor the levels of PSTVd accumulation by northern-blot
296  hybridization using a DIG-labeled PSTVd-cRNA probe. PSTVd was detected in almost every
297  inoculated plant, even at 2 wpi (10/10 plants infected in line EC, 8/10 in line 51-6, 10/10 in line 72E,
298  and 9/9 in line 82a. One or two weeks later, all plants were infected (Figure S4).

299 The intensity of the PSTVd-positive signal was visibly higher in line 72E compared to the other
300 lines, especially at 2 and 3 wpi (Figure 2). Therefore, the intensities of each signal were quantified
301  using the Quantity One software (BioRad), normalized by comparison with the signal intensities
302  obtained with ethidium bromide staining, and then averaged per line per week. Finally, relative
303  intensities were calculated by defining the average value of line EC at 2 wpi as 1.0. These calculations
304  confirmed that relative accumulation levels were actually higher in line 72E early in infection: from
305 high to low at 2 wpi, lines 72E (~2.1), EC (1.0), 82a (~0.75), and 51-6 (~0.7); at 3 wpi, lines 72E (~2.8),
306  82a(~2.1), EC (~1.9), and 51-6 (~1.45). Furthermore, although PSTVd concentrations in line 72E were
307  twice as high as those in the other lines at 2 to 3 wpi, progeny levels were approximately the same
308 later in the infection (lines 82a (~3.3), 72 E (~3.2), EC (~3.2), and 51-6 (~3.0) at 4 wpi).
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310 Figure 2. Relative density of PSTVd in three lines of DCL2/4i Moneymaker tomato and the empty
311 casette control line at 2, 3, and 4 wpi. Five replicates of PSTVd-positive signals obtained by northern-
312 blot hybridization were quantified by ChemiDoc XRS, normalized using the gel image stained with
313 ethidium bromide, and the averages plotted on the graph. Thin vertical lines on the top indicate the
314 error bar. The average value of the empty line at 2 wpi was adjusted as 1.0. The value in 72E line at 2
315 and 3 wpi with asterisks (*) were statistically significant at 5% level (P < 0.05). Boxplots were drawn
316 in BoxplotR [77] using the Tukey whisker extent. Center lines show the medians; box limits indicate
317 the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile
318 range from the 25th and 75th percentiles, outliers are represented by dots. n = 3 sample points.

319  PSTVd-sRNA of 21- and 22-nt species decreased and 24-nt species increased in the transgenic line 72E in
320 response to knockdown of DCL2 and DCL4

321 In order to analyze the accumulation of PSTVd-derived sRNA (PSTVd-sRNA), groups of RNA
322 extracts from nine to ten plants collected at weekly intervals were combined, aliquots (~10 pg) were
323 fractionated by electrophoresis in an 8M-urea 12% polyacrylamide gel, transferred to nylon
324  membrane, and hybridized with a DIG-labeled PSTVd-cRNA probe. Results revealed detectable
325 levels of PSTVd-sRNA in lines EC and 72E even at 2 wpi; their size distributions were quite different,
326  however. In the negative control line EC, the predominant species was 22-nt. In line 72E the major
327  peak was two nucleotides longer (24-nt). This difference could be seen more clearly in the 3- and 4-
328 week samples. Here, lines EC, 51-6, and 82a all accumulated abundant 22- and/or 21-nt species and a
329  small amount of 24-nt species. Line 72E, in contrast, accumulated higher amounts of 24-nt species
330  and trace levels of 21-nt species; the 22-nt species was virtually invisible in this sample (Figure 3).
331  Note also that accumulation of PSTVd-sRNA increased in parallel with an increase in PSTVd genome
332 RNA accumulation over 2 to 4 wpi.
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334 Figure 3. Time course analysis of PSTVd-sRNA accumulating in PSTVd-infected DCL2/4i-transgenic
335 tomato lines. Total RNAs (~10 ug) extracted from three transgenic lines inoculated with PSTVd and
336 the EC control at 2, 3, and 4 wpi were separated in 8M-urea 12% polyacrylamide gel, transferred to
337 nylon membrane and analyzed by RNA gel-blot hybridization analysis using a DIG-PSTVd-cRNA
338 probe. The upper panel shows the hybridization signal and the lower panel shows the loading control
339 stained with ethidium bromide. All the lines except for 72E showed a dense hybridization signal at
340 the position 22-nt and faint signals at 21- and 24-nt. In contrast, 72E line showed a dense signal at 24-
341 nt and a faint signal at 21-nt. The signal at 22-nt was invisible.
342 The difference in the size distribution of PSTVd-sRNAs observed in line 72E is consistent with

343 the suppression of DCL2 and DCL4 expression by RNAI in the line. That is, the decrease in 21-nt
344  species can be explained by down-regulation of DCL4 which is responsible for producing 21-nt
345  sRNAs. Similarly, the decrease in 22-nt species is consistent with down-regulation of DCL2
346  responsible for production of 22-nt species. It should be noted here that the observed decrease in 21-
347  ntspecies was not as pronounced as that in 22-nt species.

348  PSTVd infection activates DCLs

349 The levels of DCL1, DCL2, DCL3 and DCL4 transcripts before and after PSTVd infection in line
350  72E were analyzed by RT-qPCR (Figure 4). Before PSTVd infection, the levels of DCL2 and DCL4
351  transcripts in healthy line 72E plants were significantly lower (P < 0.05) than those in the healthy line
352 ECplants. In contrast, levels of DCL1 transcripts were almost identical, and levels of DCL3 transcripts
353 were slightly (but not significantly) lower in line 72E. This result, as expected, indicated that
354  expression of the DCL2 and DCL4 genes had been down-regulated in line 72E by RN Ai before PSTVd
355  infection. In contrast, transcript levels of DCL1, 2, 3, and 4 were all significantly up-regulated in line
356  72E after PSTVd infection. The increase in DCL1 was especially remarkable (P < 0.01). This was also
357  true for line EC, indicating that transcription of DCL14 was activated by PSTVd infection but that
358  changes were somewhat bigger in line 72E than in line EC.
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360 Figure 4. RT-qPCR analysis of endogenous DCL1I, 2, 3, and 4 mRNAs in 72E and empty casette lines
361 with or without infection of PSTVd. Levels of DCL2 and 4 mRNAs in 72E line were significantly low
362 compared to those in the empty casette before PSTVd infection, suggesting that endogenous DCL2
363 and 4 mRNAs were successfully down-regulated in the 72E line. Levels of mRNAs of DCL1, 3 and 4
364 were significantly up-regulated in 72E line by PSTVd infection. Surprisingly, DCL2 was also up-
365 regulated in the 72E line compared to the healthy line, suggesting that expression of tomato DCL
366 genes are significantly activated by PSTVd infection. The value with double asterisk (**; P <0.01) and
367 single asterisk (*; P < 0.05) were statisctically significant at 1% and 5% level compared to healthy EC
368 line. The value with “a” (a; P < 0.05) were statistically significant at 5% level compared to PSTVd EC
369 line.
370 The level of DCL1, 2, 3, and 4 transcripts before and after PSTVd infection was also examined by

371  northern-blot hybridization, but most of all the levels were below the detection limit, except that faint
372  signals were observed after PSTVd infection in lines 72E and EC.

373 Deep sequencing analysis of sSRNAs from line 72E

374 It is generally believed that vd-sRNA processed by multiple DCLs activities after induction of
375  RNA silencing may play a major role in viroid pathogenesis or symptom expression. Thus, we carried
376  out deep sequencing analysis of SRNAs prepared from PSTVd-72E and compared the changes in
377  PSTVd-sRNA, host miRNAs, and the other sSRNAs with those observed in PSTVd-EC. The sRNA
378  data sets obtained by Illmina Hiseq small RNA analysis contained a total 23,604,108 reads ranging in
379  size from 15-45-nt in PSTVd-72E sampled at 3 wpi and 23,864,986 reads in the comparable sample
380  from PSTVd-EC.

381 Overview of the changes in PSTVd-sRNA reads between PSTVd-72E and PSTVd-EC
382  preparations: Allowing a maximum of 1-nt mismatch, PSTVd-sRNA sequences accounted for 678,643
383  reads in PSTVd-72E and 554,261 reads in PSTVd-EC samples. PSTVd-sRNAs in PSTVd-72E
384  comprised 383,947 reads (69%) from plus-strand and 170,091 reads (31%) from the minus-strand. i.e.,
385  sRNAs derived from the plus-strand were slightly more than twice as abundant as those from the
386  minus-strand (Figure S5 and S6). This ratio was very similar in line EC; i.e., 318,585 reads (63%) to
387 188,092 reads (37%).
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388 In contrast, and as expected from the data obtained by RNA gel-blot hybridization, the size
389  distributions of PSTVd-sRNAs in these two lines were quite different. In line EC, the most abundant
390  size class was 22-nt (50%), followed by 21-nt (36%), 24-nt (5%), and 23-nt (5%), a result which
391  corresponded to our previous data obtained from PSTVd-infected Rutgers tomato [9, 64]. In PSTVd-
392 72E, however, the most abundant size class was 24-nt (53%), followed by 21-nt (23%), 17-nt (18%), 23-
393 nt (4%), and 22-nt (3%) (Figure 5a and b). These results were quite consistent with the data obtained
394 by RNA-gel blot assay described above. That is, by knocking down DCL2 and DCL4 expression using
395  anRNAistrategy, the number of PSTVd-sRNA reads containing 22-nt in PSTVd-72E dropped sharply
396  tolevels about one-twentieth of those seen in line EC plants (i.e., from 253,425 reads in PSTVd-EC to
397 14,257 in PSTVd-72E), but the number in the 24-nt class increased approximately 10-fold (i.e., from
398 27,255 reads in PSTVd-EC to 295,542 reads in PSTVd-72E). The number in the 21-nt class also
399 decreased in PSTVd-72E, but this decline was much smaller than in the 22-nt class, even though
400  expression of DCL4 as well as DCL2 was knocked down, suggesting that DCLI, in addition to DCL4,
401  plays an important role in the production of 21-nt PSTVd-sRNA (see Discussion session).
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403
404 Figure 5. Size distribution and positive (+) / negative (-) ratio of PSTVd-sRNAs of the size 15-30-nt
405 accumulated in the (a) EC and (b) 72E lines. Panels ¢ and d compare the PSTVd-sRNA hotspot
406 patterns for the 17-nt, 21-nt, 22-nt, 23-nt, and 24-nt species in the EC (c) and 72E (d).
407 Interestingly, molecules in the 17-nt class accounted for 18% of the total PSTVd-sRNA reads and

408  were ranked the third most abundant class in PSTVd-72E. At present, it is not clear why the 17-nt
409  class increased so extensively in line 72E, and the possible function of the 17-nt class has yet to be
410  determined. It should be noted here that the majority of these molecules originate from the upper
411  portion of the pathogenicity region; furthermore, the most abundant member of this class, which
412 accounted for 17,606 reads (~19.2%) corresponds to nucleotides 63-79 in the PSTVd genome (5'-
413  AGGCGGCTCGGAGGAGC-3").

414 Although the size distributions of PSTVd-sRNA were quite different for PSTVd-72E and PSTVd-
415  EC, the hotspot patterns were virtually identical. This was most evident for the 21-nt species in which
416  the total numbers of reads for the two lines were not significantly different (Figure 5¢ and d).
417  Interestingly, this was also the case for the 22-nt and-24 nt species where the total numbers of PSTVd-
418  sRNA reads were significantly different; i.e., it was clear that the hotspot patterns of PSTVd-sRNAs
419  in PSTVd-72E and PSTVd-EC were virtually identical when the scales of vertical axis were
420  normalized.

421 Note also that the hotspot patterns seen in this analysis were very similar to those from PSTVd-
422  infected Rutgers tomato presented in our earlier report [11], indicating a high degree of
423 reproducibility among multiple deep sequencing analyses (Figure S7). The fact that the hotspot
424  pattern of PSTVd-sRNA remained constant even when the size distribution changed substantially
425  suggested that even a significant change in the hierarchical order of DCL function caused by RNAi-
426  mediated down-regulation of DCL2 and DCL4 expression was not sufficient to change the potential
427  recognition sites and cleavage activities of the individual DCLs.

428 Changes in host sSRNAs and miRNA expression levels in PSTVd-72E and —~EC — PSTVd infection
429 up-regulated miR398 and miR398a-3p: In PSTVd-72E, expression levels of all four DCLs were altered,
430 and, as a result, the size distribution of PSTVd-sRNA changed extensively. Also, because the overall
431  response to PSTVd infection in line 72E changed from tolerance to high sensitivity, relative levels of
432  miRNAs and other host-derived sRNA species in this line were compared with those in PSTVd-EC
433 plants. As described above, these comparisons were made using 21-nt species in which the total
434 number of reads did not change so much between lines 72E and EC. After normalization to the ratio
435  per million reads, comparison of all SRNAs present at levels more than 50 reads per million revealed
436  that 12 species of miRNAs were up- or down-regulated by more than three times in PSTVd-72E. The
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437  data presented in Table 1 reveals that nine species of miRNAs were up-regulated, whereas three
438  species were down-regulated. In particular, miR398 and miR398a-3p showed unusually high
439  expression levels in PSTVd-72E, where the number of reads per million increased from 311 to 2,080
440 and from 1,922 to 16,676, respectively. As described below, these miRNAs are known to target the
441  mRNA of superoxide dismutase which removes harmful ROS from the cell.

442 Table 1. Changes in tomato sSRNA levels in lines PSTVd-72E and -EC.

Name small RNA Empty casette 72E
rank reads*1 rank reads*1

Top 5
miR166d-3p 1 176745 1 190257
25S rRNA (LOC108175346) 2 89566 2 133774
miR159a 3 31728 3 45000
miR166¢ 4 30583 5 21196
miR396b 5 26599 4 27205
micro RNA
miR398a-3p* 41 1922 8 16676
miR398* 263 311 39 2035
miR166 31 2260 30 8450
miR171e 1578 33 374 184
miR393-3p 1098 52 259 275
miR397-5p 437 176 101 769
miR408b-3p 151 528 40 1996
miR4376-5p 54 1417 18 4375
miR1919-3p 1037 57 411 159
miR166b 13 7386 30 2500
miR399i-3p 401 152 1432 29
miR477-5p 878 71 2274 15
ribosomal RNA
25S rRNA (LOC108175346) 10 8109 721 76
25S rRNA (LOC108175346) 17 3893 1355 32
25S rRNA (LOC108175346) 20 2970 1224 37
25S rRNA (LOC108175346) 27 2623 494 130
25S rRNA (LOC108175346) 28 2595 811 68
25S rRNA (LOC108175346) 45 1739 15448 2
Dicer-related
DCL2d 11234 2 14 7596
DCL4 48061 1 15 6696
DCL2 — 0 16 5781
DCL2c — 0 19 4014
DCL2 (LOC102580326) — 0 24 3173
DCL2 (LOC102580979) — 0 25 3145
DCL4 — 0 32 2448
DCL2a — 0 33 2401
DCL2a — 0 34 2213
DCL4 — 0 35 2109
DCL2a — 0 42 1919
DCL2a — 0 45 1775
PHAS
Sly-PHAS16 precursor siRNA 19 3158 2426 14
Sly-PHAS04 49 1545 54902 1
others
uncharacterized ncRNA (LOC101245085) 15 4564 — 0
DNA-directed RNA polymerase III subunit 1 21 2968 177 414
Solanum lycopersicum chromosome 1 151 451 40 1996

443 probable indole-3-pyruvate monooxygenase 44 1749 1520 22

444 *miR398 and miR398a-3p were up-regulated 770-868 % in the 21-nt SRNA population from PSTVd-72E

445 compared to those from PSTVd-EC. miR398 has been reported to target Cu/Zn dismutases (CSD1 and CSD2)
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in Arabidopsis spp. miR398a-3p has been reported to direct the cleavage and/or translational repression of CCS1
mRNA in Arabidopsis spp. and possibly in tomato. Levels of miR166C-3p in line PSTVd-72E were only half
those found in PSTVd-EC.

As shown in Table 1, several sSRNAs of host origin, other than miRNA species, were also
detected. Some of these greatly fluctuated in the number of reads in PSTVd-72E but the others did
not fluctuate (Table 1). The top five (i.e., miR166b, 255 rRNA (LOC108175346), miR159a precursor
RNA, miR166¢c, and miR396b) were almost the same in order; i.e., a difference was only seen in the
order of the 4th and 5th places. Interestingly, 12 of the top 50 SRNAs in PSTVd-72E were those derived
from DCL2 (9 species with 7,596-1,775 reads/million) and DCL4 (3 species with 6,845-2,019
reads/million); however, they were approximately zero in PSTVd-EC. Therefore, it was confirmed
that RNAi-mediated digestion of transgene-derived and/or endogenous transcripts of DCL2 and
DCL4 genes actually took place in line 72E plants.

In addition, it should be noted here that five species of 21-nt sSRNAs derived from 255 rRNA
decreased in number extensively from 8,109-1,739 to 130-37, Sly-PHAS 16 precursor siRNA
decreased from 3,158 to 14, and Sly-PHAS04 precursor siRNA decreased from 1,545 to 1.

Nucleotide sequence of the progenies propagated in line 72E was the same as that in line EC:

The complete nucleotide sequences of PSTVd progenies propagated in lines 72E and EC was
examined by using cDNA clone-sequencing (10 each of cDNA clones) and by analysis using the deep
sequencing data of PSTVd-sRNAs as described by Suzuki et al. [65], and found that they were
virtually identical to the original sequence infected, although some minor singleton mutations,
probably raised by replication error or misincorporation during PCR, were detected.

Northern-blot hybridization of miR398a-3p in healthy and PSTVd-infected lines 72E and EC — PSTVd
infection up-regulated miR398a-3p

Changes in miR398a-3p expression levels after PSTVd infection were also examined by
northern-blot hybridization. Aliquots (10 ug) of total RNA, extracted from healthy and PSTVd-
infected lines 72E and EC, were fractionated by 8M-urea 12% polyacrylamide gel electrophoresis,
transferred to a nylon membrane, and hybridized with a DIG-labeled cRNA probe for miR398a-3p.
As shown in Figures 6A and 6B, miR398a-3p was not detectable in healthy plants from either line,
indicating that expression levels of miR398a-3p were very low. In contrast, in PSTVd-infected plants,
miR398a-3p reached detectable levels at 3 wpi (Figure 6b, arrow), indicating that PSTVd infection
stimulates expression of miR398a-3p. In agreement with the deep sequencing data, the level of
miR398a-3p in PSTVd-72E was ~5 times higher than that in the comparable PSTVd-EC plants,
reconfirming that RNAi-mediated down-regulation of DCL2 and DCL4 results in enhanced
expression. This analysis was repeated twice and yielded similar results.

do0i:10.20944/preprints201811.0606.v1
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481 Figure 6. Northern-blot hybridization of miR398a-3p (panel (a) and (b)) and SOD1 (panel (c) and (d)).
482 Aliquots (10 pg) of total RNA, isolated at 3 wpi, were fractionated by electrophoresis in 8M-urea 12%
483 PAGE, transferred to nylon membrane, and hybridized with a DIG-labeled cRNA probe for miR398a-
484 3p and SODI1. Band signals were visualized by ChemiDoc XAR (BioRad) and quantified with
485 Quantity One software (Bio-Rad). miR398a-3p was detectable only after PSTVd infection, and signal
486 intensities were ~2.5-5.0 times higher in line 72E as compared to a control line EC. This analysis was
487 repeated twice. SOD1 was detected from all samples, and the level of expression was especially
488 enhanced in PSTVd-72E.
489  Expression of tomato SOD1 and CCS1 in healthy and PSTVd-infected lines 72E and EC
490 Because miR398a-3p is reported to target CCS1 mRNA in tomato [61], which, in concert with

491  cytosolic SOD1, has a function to control detoxification of harmful ROS in the cell, changes in the
492  expression level of SOD1 and CCS1 genes following PSTVd infection was analyzed by northern-blot
493  hybridization. Aliquots (2 to 10 ug) of total RNA, extracted from healthy and PSTVd-infected lines
494  72E and EC at 3 wpi, were fractionated by 1.2% agarose gel electrophoresis as described above and
495  hybridized with DIG-labeled cRNA probes for SOD1 and CCS1.

496 SODI1 transcripts were readily detected from 2 ug of total RNA preparations from all samples,
497  indicating relatively high levels of expression of the gene. Among them, line 72E, and particularly
498  PSTVd-72E, showed a higher expression level than line EC. The relative expression level was 1.0, 1.0,
499 1.7 and 2.5 for healthy-EC, PSTVd-EC, healthy-72E, and PSTVd-72E, respectively (Figure 6¢, d and
500  Figure. S8). The results revealed that transcription of SOD1 was particularly activated in line 72E by
501  PSTVd infection. On the other hand, CCS1 transcript was not detected constantly, even from ~10 ug
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502  of total RNAs, suggesting that the expression level was low. The analysis was repeated three times
503  with very similar results.

504 ROS production and acavenging activity in PSTVd-infected line 72E plant

505 Hydrogen peroxide, one of ROS, activity was assayed in the healthy and PSTVd-infected lines
506  72E and EC during the period from 4-10 wpi, because in the meantime, PSTVd-72E stopped growing
507  and severe necrosis symptoms were underdeveloped. Leaf 5 (lower) and a mixture of leaf 7 and 8
508  (upper) were selected for the analysis, because PSTVd-infected line 72E plant started to show leaf
509  yellowing and petiole necrosis in leaf 5 and 6 around 4 wpi, but showed only leaf curing in leaf 7 and
510  the uppers. The assay was repeated twice, and each analysis consisted of three biological replicates
511  collected randomly from five plants per treatment. The highest activity was observed in leaf 5 of
512 PSTVd-72E. Interestingly, the activity was also high in leaf 5 of healthy-72E. Average hydorogen
513  peroxide activity in leaf 5 was ca. 15 and 5 times higher in PSTVd-72E and in healthy 72E than in
514 heaclthy-EC and PSTVd-EC. Statisctically valuable difference (p<0.01) was found between healthy-
515  EC and healthy- and PSTVd-72E (Figure 7a; Table S2). In contrast, the activity was equally low in
516  every samples in 7-8 leaf, indicating that the lower leaves of PSTVd-72E plant shows higher levels of
517  hydrogen peroxide activity.
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518
519 Figure 7. Relative ROS production (a) and relative ROS scavenging activity (b) of the 5th and 7-8th
520 true leaves. Center lines show the medians; box limits indicate the 25th and 75th percentiles as
521 determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th
522 percentiles, outliers are represented by dots. n =3 sample points.
523 Hydrogen peroxide, one of ROS, scavenging activity was also assayed similarly in leaf 5 and leaf

524 7-8in the healthy and PSTVd-infected lines 72E and EC. Average hydorogen peroxide scavenging
525 activity was 20% in heaclthy-EC, 27.5% in PSTVd-EC, 33.6% in healthy-72E, and 44% in PSTVd-72E.
526  Statisctically valuable difference (p<0.01) was found between healthy-EC and PSTVd-72E (Figure 7b,
527  Table S2), indicating that the lower leaves of PSTVd-72E plant shows higher levels of hydrogen
528  peroxide scavenging activity.

529  Discussion

530 In this experiment, by using RN Ai-mediated matter, we produced a T3-generation of DCL2&4-
531  knockdown Moneymaker tomato lines, transformed with an IR construct consisting of partial
532 sequences of tomato homologs DCL2 and DCL4. One of these lines, named line 72E, was shown to
533 contain a single copy of the transgene and to express high levels of transgene transcript and related
534  siRNAs.

535 Line 72E, when challenged by PSTVd inoculation, started to show apical leaf curl at
536  approximately 2 wpi and exhibited systemic leaf chlorosis, accompanied by vein necrosis at 3 to 4
537  wpi. The plants subsequently stopped growing, developed more severe leaf necrosis (from lower to
538  systemic), and finally died 4 to 5 months after inoculation, suffering from lethal systemic necrosis.
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539  This was in contrast to line EC, which was used as a control. Since Moneymaker tomato is a tolerant
540  cultivar to PSTVd infection [10, 66], line EC showed very mild leaf curl and stunting during the
541  observation period. Therefore, RNAi-mediated down-regulation of DCL2 and DCL4 expression
542 changed Moneymaker tomato into being highly susceptible to PSTVd infection.

543 In line with the severity of disease symptoms, PSTVd level was significantly higher (1.5 to 3.0
544  times) in line 72E than in the other lines in early infection (until 2 and 3 wpi) (Figure 2), indicating
545  that DCL2 and DCL4 play an important role in protecting tomato plants from PSTVd-induced
546  symptom expression by suppressing the initial replication and accumulation of PSTVd.

547 By the analysis of PSTVd-sRNA using RNA-gel blot assay, lines EC, 51-3 and 82a were found to
548  have accumulated two major bands of the sizes 21- and 22-nt and a weak band of 24-nt, whereas line
549  72E accumulated a dense 24-nt band and faint 21-nt band. The result was more evident in the data
550  after deep sequencing: the number of PSTVd-sRNA reads of the sizes 21- and 22-nt species in line
551  72E decreased to ~66.7% and ~5% of those in line EC, respectively, and the 24-nt species in line 72E
552 increased by ~1100% that in line EC.

553 Considering the commonly accepted concept that DCL1, DCL2, DCL3, and DCL4 generate 21-
554 nt, 22-nt, 24-nt, and 21-nt sSRN As, respectively, the result clearly indicated that RN Ai-mediated down-
555  regulation of DCL2 and DCL4 resulted in the decrease of 21- and 22-nt species; 24-nt species, in
556  contrast, increased significantly by relative superiority of DCL3 activity. The result is in line with the
557  previous findings on the changes in the size distribution of virus- and viroid-derived sRNAs
558 accumulated in dcl2 and dcl4 mutants and/or the knockdown lines [20, 21, 50, 58, 60]. The underlying
559  mechanism behind this is hierarchical interaction existing in the functions of DCLs in antiviral
560  defense; i.e, DCL4 preferentially plays a major role in general. However, DCL2 is known to
561 compensate for DCL4 function once DCL4 is destroyed or interfered [50, 58, 60]. Similarly, Katsarou
562 et al [21] reported, by using PSTVd-infected dcl(s) mutant lines of Nicotiana benthamiana, that the
563  combined activity of DCL2 and DCL3 is important for anti-viroid defense. They presented a model
564  thatshows that DCL4 normally plays a major role in anti-viroid defense and suppresses the functions
565  of DCL2 and DCL3. This was also the case in our experiment on the PSTVd-infected tomato
566  hpDCL2/4i-72E line, in which the activity of DCL3 was significantly enhanced when expression of
567  DCL2 and DCL4 was artificially suppressed.

568 Another dramatic increase found in 17-nt species in the 72E line was particularly interesting
569  because a majority of them were originated from the upper strand of the pathogenicity region. The
570  biogenesis is unknown, but a similar mechanism, reported by Zhu et al [67], may be included, in
571  which bidirectional processing of pri-miRNAs with branched terminal loops by Arabidopsis spp.
572  Dicer-likel results in production of 16-17-nt species, because viroids can form branched terminal
573 loop structures and DCL1 was active in the plants.

574 As described above, RNAi-mediated knockdown of DCL2 and DCL4 created a significant change
575 in the size distribution of PSTVd-sRNAs. Nevertheless, the rate of decrease in 21-nt species (~33%)
576  was apparently smaller than that in 22-nt species (~95%). This big difference seems to contradict the
577  data obtained by RT-qPCR on the expression of all four DCLs; namely, the rate of decrease in DCL2
578  and DCL4 expression in 72E line was ~50-60% of the empty casette, not so different from each other.
579  Taking the result that the rate of decrease in the transcription level of DCL4 (producing 21-nt species)
580  was almost the same as that of DCL2 (produces 22-nt species), and also the fact that DCL1 is also
581  responsible for producing 21-nt species, the results may indicate that DCL1 is actually involved in
582  the processing of viroid RNA and contributes to the production of 21-nt species of vd-sRNA, as
583  suggested previously [68, 69].

584 RT-qPCR analysis clearly indicated that PSTVd infection activated transcription level of DCL4
585  inline 72E. On the other hand, the activation of transcription by PSTVd infection was observed not
586  only in DCL4 but also the other DCLs including DCL?2, indicating that expression of all the DCLs was
587  activated by PSTVd infection. Since it was reported that the levels of DCL1, DCL2, and especially
588  DCL4 transcripts were increased significantly in a wild type tomato (cv. Rutgers) by the infection of
589 citrus exocortis viroid (CEVd), another member of the genus Pospiviroid [70], it may be a general
590  phenomenon for viroids, at least those in the genus Pospiviroid.
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591 An important point here is that the sensitivity to PSTVd infection largely changed in line 72E,
592 even though all the DCLs expression levels seemed to increase or somewhat recover after PSTVd
593  infection. The result seems to create a question that cannot be explained by the expression levels of
594  individual DCLs. An appropriate balanced expression of all the DCLs may be important to express
595  an optimum anti-viroid defense response. Further analysis on the activities of DCL enzymes, for
596  example, is necessary to clarify this point.

597 By in silico analysis of changes in miRNA reads in the sSRNA deep sequencing data, several
598  miRNAs were found to have been up- or down-regulated in PSTVd-72E, compared to PSTVd-EC.
599  Among them, the increased number of miR398 (770%), and especially miR398a-3p (868%), in PSTVd-
600  72E was extremely interesting. miR398 and miR398a-3p are stress-induced miRNAs known to be
601  expressed in response to various stresses and inhibit the expression of cytosolic and chloroplast-
602  localized superoxide dismutases [71, 72] and target mRNAs encoding CCS1, which deliver copper to
603  SOD apoproteins in different cellular compartments [61]. In fact, northern-blot hybridization analysis
604  clearly showed that miR398a-3p was detected exclusively from PSTVd-infected plants (i.e., both of
605  72E and EC) and the intensity of the band was ~5 times higher in PSTVd-72E than in PSTVd-EC.
606  Parallel to this, SOD1 expression was also activated by PSTVd infection, especially in PSTVd-72E.
607 Because miR398a-3p (and/or 398) and SOD], in concert with CCS1, control the detoxification of
608  harmful ROS in the cell, the results, along with the observation that PSTVd-72E caused severe
609  systemic necrosis, strongly support that ROS is generated not only in PSTVd-72E but also in PSTVd-
610  EC. Since PSTVd-EC, as well as healthy-72E and -EC, showed no visible necrotic symptoms at all,
611  unusually higher levels of ROS production in PSTVd-72E, which is supported by enhanced up-
612  regulation of miR398a-3p and miR398, seemed to be a major reason for the development of severe
613  necrotic reaction. In fact, analysis of ROS production and scavenging activity during the period when
614  plant developed symptoms (leaf curl and yollowing) and stopped growing but severe necrosis
615  symptoms were underdeveloped, it was revealed that both of ROS production and scavenging
616  acitivities were high in PTVd-72E, showing that ROS is generated actively and in the meantime
617  acavenged desperatively in the plant. PSTVd-sensitive tomato cultivars such as Rutgers often
618  develop various degrees of leaf and/or vein necrosis, especially by infection of severe and lethal
619  strains of PSTVd, CEVd, and tomato apical stunt viroid [73, 74]. The observations presented here are
620  probably a general phenomenon underlying PSTVd-tomato interactions. Recent data from
621  comprehensive and global transcriptome and metabolome analyses suggested that viroid infection
622  triggers a plant immune response and results in activation of various signaling pathways and
623 associated activities such as MAPK3, PR1, 1,3-beta-glucanase, and ROS biogenesis [10, 66, 75, 76].
624  Our results strongly support this notion.

625 In conclusion, the results presented here clearly indicate that tomato homologs of DCL2 and
626  DCL4 provide strong but incomplete anti-viroid defense and suppress viroid accumulation early in
627  infection. Replication of highly-structured dsRNA-like hairpin RNA from the viroid genome serves
628  as a PAMP and activates the RNA-silencing targeting viroid, which can be regarded as PAMP-
629  triggered immunity. As a result of this innate immunity, PSTVd-tolerant tomato cultivars like
630  Moneymaker continue to grow almost normally and show very few disease symptoms. Even in this
631 case, however, our results indicated that SOD1 and miR398/miR398a-3p is activated in the plant,
632  indicating that another defense reaction accompanying ROS production is activated by continuous
633  replication/accumulation of viroid RNA resistant to RNA silencing [18]. In contrast, hpDCL2/4i-
634  Moneymaker tomato line fails to defend initial viroid infection by RNA silencing, and as a result,
635  allows more aggressive replication/accumulation of viroid, which seems to trigger excessive
636  production of ROS that is not controlled by SODs, in concert with CCS1 and miR398/miR398a-3p,
637  and results in the development of severe systemic necrosis, leading to plant death.
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